Design of the stift time and frequency transfer microwave ground terminal by Imbier, E. et al.
DESIGN OF THE STIFT TIME AND FREQUENCY 
ICROWAVE GROUND TERMINAL 
4- + H e  Penfield , E. Imbier , R.F.C. Ve 
Center for  Astrophysics,Cambridge, 
"Harvard Coll ege Observatory 
+Smi thsonian Astrophysical Observatory 
ABSTRACT 
The Sa te l l i t e  Time and Frequency Transfer System (STIFT) is intended t o  
provide, simultaneously, global time comparisons a t  the s u b  nosecond 
a t i l i z e s  an orbit ing hydrogen maser clock and frequency standard tha t  
communicates, via microwave l i n k s ,  time and frequency information t o  
earth terminals operated by hydrogen masers control 1 i n g  local clocks. 
A two-way microwave l i n k ,  t o  and from the space vehicle provides Doppler 
information used t o  cancel the Doppler shifts i n  a one-way link from the 
spaceborne osc i l l  ator.  Pseudo-random noise ( P R N )  modulation in the two- 
way l i n k  also provides range information t o  cancel the range delay i n  
the PRN time t ransfer  between space and earth.  The pseudo-random noise 
modulation system f o r  time difference measurement and i ts  incorporation 
i n  the Doppler cancellation system for  frequency comparison is explained. 
The particular PRN code sequence selected and an analysis of the system 
is discussed. 
level and frequency comparisons to  better than 1 part i n  10 P$ . I t  
BAC KG ROU N D 
The ongoing development of atomic frequency standards presently provides us 
w i t h  s t a b i l i t y  better than 1 part i n  1015 over hourly averaging intervals 
and ever increasing accuracy. 
techniques that  t ransfer  time and frequency on a global scale so tha t  the 
precision of t ransfer  is  commensurate w i t h  the performance of these clocks. 
Today, the most commonly used time transfer  technique is the transportable 
clock. However, this method has s ignif icant  disadvantages. I t  is prohibitively 
costly, i f  carried out on a continuous basis, and the process is generally 
limited to  an uncertainty of the order of 100 nanoseconds owing to  environmental 
conditions d u r i n g  transport. The Global Positioning System (GPS) offers an 
al ternat ive with an accuracy level of the order of 10 nanoseconds, b u t  i t  does 
n o t  have the capabili ty of transferring frequency. 
transportable clock, moving from one s i te  to  another as a means fo r  coordinating 
time and frequency on a global scale can be logically extended to  a clock orbit ing 
the ear th  i n  a s a t e l l i t e .  The hydrogen maser, w i t h  i t s  frequency s t a b i l i t y  o f  
the order of 6 parts i n  1016, fo r  1 hour averaging interval ,  i s  ideal fo r  such 
an orbit ing time t ransfer  clock and osc i l la tor  t o  provid time and frequency 
difference measurements of 1 nanosecond and 1 part  i n  loy4 respectively w i t h  
s ta t ions anywhere i n  s i g h t  of the orbit ing system. 
T h i s  now poses a serious challenge to  current 
However, the concept of a 
* 
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Relation to  GP-A 
Experience already ex is t s  in the practical application of hydrogen maser tech- 
nology to  the space environment. In June 1976, SA0 participated with NASA i n  
the Gravitational Probe A (GP-A) experiment. T h i s  experiment was designed t o  
probe the Earth's gravity f i e ld  i n  a nearly vertical  t ra jectory to  an a l t i t ude  
of10,OOO KM. The hydrogen maser used in GP-A required highly specialized de- 
s i g n  t o  cope w i t h  the traumatic changes in thermal, magnetic and gravitation- 
al environment without allowing time for thermal s tab i l iza t ion  or magnetic 
readjustment. 
ed t o  about two hours, the maser was designed fo r  continuous operation through- 
out many months of testing. The experience gained i n  designing and operating 
the space maser onGP-A i s  direct ly  applicable t o  the o r b i t i n g  t ransfer  Clock. 
In addition to  the space maser technology, GP-A also provided important exper- 
ience i n  the use of microwave l inks t o  compare space and ground clocks. The 
f eas ib i l i t y  of  cancel 1 i n g  propagation effects  i n  the troposphere and ionosphere 
and of  removing Doppler sh i f t s  was demonstrated successfully by the GP-A ex- 
pe r i me n t . 
Choice of Frequencies 
Even though the maser operating l i f e  in space on GP-A was limit- 
The microwave frequencies used in the GP-A experiment were chosen t o  be com- 
patible with the Unified S Band (USB) System and th i s  same choice i s  t o  be 
carried through the Sate1 l i t e  Time and Frequency Transfer Experiment. The 
STIFT system requires both a 2-way up/down link and a l-way down link be- 
tween the o r b i t i n g  clock and the ground clock. 
are selected to  cancel the f irst  order ionospheric dispersion. T h u s ,  the 2- 
way l i n k  utilizes 2,117 MHz for  the up transmission t o  the orbit ing clock and 
2,299 MHz for the transponded down transmission to  the ground clock. The 1- 
way l i n k  transmits down from the orbiting clock on a frequency of 2,203 MHz. 
With t h i s  selection of frequencies, the combined ionospheric dispersion f o r  the 
2-way l i n k  i s  just twice that  of the l-way l i n k  and may be cancelled i n  sub- 
sequent frequency difference processing in the STIFT ground terminal. 
SYSTEM DESCRIPTION 
The frequencies in this system 
The STIFT system is designed t o  provide simultaneous precision measurement of 
time difference and frequency difference between a ground clock and the orbi t -  
i n g  space clock. Figure 1 i l l u s t r a t e s  the overall STIFT system design inclu- 
d i n g  the Space Terminal, Microwave Ground Terminal and Laser Ground Terminal. 
The discussion tha t  follows deals primarily with the Microwave Ground Terminal 
and the other sections of the system are shown i n  Figure 1 only t o  g ive  some 
perspective t o  the role of the Microwave Ground Terminal. 
2-way Link 
T h e  2-way microwave link between the space terminal and the ground terminal 
serves three major functions. 
two terminals; second, i t  provides the reference fo r  f i r s t  order Doppler can- 
cellation and t h i r d ,  i t  compensates for  ionospheric dispersion through selec- 
tion of link operating frequencies relative t o  the l-way l ink frequency. 
First, i t  measures the path delay between the 
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quency is derived from the atomic 
gen maser o sc i l l a to r  is shown as the g 
l ink transmit ca r r i e r  frequency is  obtained by an 
Band maser O u t P u t .  
local o sc i l l a to r  drive i n  the first heterodyne mixers of both  the 2-way and 1- 
Way receivers i n  the ground terminal. 
Prior to  being t nsmitted, the 2,117 MHz 
l a t o r  which imp 
of a pseudo-random noise (PRN 
then amp1 i fied t o  approximate 
circulator  t o  the ground terminal antenna. 
element for both the 2-way and 1-way links and consists of a small (1 meter) 
steerable parabolic d i s h  with a gain o f  about 25db and a half-power beanwidth 
of 9.5 degrees a t  the S-band operating frequencies. 
The 2,117 MHz ground terminal transmit signal i s  received by a broad beam, 
circular ly  polarized antenna a t  the space terminal and is coupled through a 
triplex f i l t e r  t o  the i n p u t  of a phase coherent transponder. The transponder 
strips the phase modulation from the received signal , coherently t ranslates  
the 2,117 MHz ca r r i e r  by the r a t i o  240/221 and reapplies the phase modulation 
t o  form a 2,299 MHz transponder output signal.  
through the t r iplex f i l t e r  t o  the space terminal antenna and transmitted to- 
ward the ground terminal. 
The received 2,299 MHz signal,  a t  the ground terminal, is picked up by the 
parabolic antenna and coupled through the f e r r i t e  c i rculator  t o  a d ip l ex  
f i l t e r  t ha t  separates the 2-way and 1-way received signals and provides h i g h  
rejection t o  the 2,117 MHz transmit signal. The low-noise amplifier, a t  the 
output of the d i p l e x  f i l t e r ,  feeds the 2,289 MHz signal t o  a mixer where i t  is 
heterodyned w i t h  the 2,117 MHz local osc i l la tor  signal t o  form a 182 MHz IF 
signal.  The ca r r i e r  component of the IF signal i s  extracted by a ca r r i e r  
phase-lock loop and is used i n  subsequent processing t o  cancel f i r s t  order 
Doppler i n  the frequency difference determination. 
A part  Of the 2,117 MHz c a r r i e r  i s  utilized as coherent 
hase modulated siqnal i s  
and coupled through a ferri te 
T h i s  single antenna is a common 
T h i s  2,299 MHz signal is coupled 
The 182 MHz IF signal ( fu l l  band) and extracted IF ca r r i e r  component a lso are  
fundamental i n p u t  signals fo r  the 2-way Time Discriminator. 
PRN code generator ( w i t h  the identical code sequence used t o  modulate the 
2,117 MHZ transmit s ignal)  is coupled i n  a closed-loop tracking configuration 
w i t h  the Time Discriminator t o  automatically lock-on and track the path delay 
i n  the 2-way link. T h i s  2-way path delay, i n  d ig i ta l  form, is d iv ided  by 
two and used i n  conjunction w i t h  the 1-way receiver output t o  determine time 
difference. between the space clock and ground clock. 
A d ig i t a l ly  delayed 
1-way L i n k  
The 1-way microwave l i n k  between the space terminal and the ground terminal 
operates on a carrier frequency of 2,203 MHz. T h i s  signal is derived from 
the L-Band hydrogen maser coupled t o  a 76/49 frequency t ranslator .  A PRN 
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code generator, w i t h  the identical code sequence used by the PRN 
i n  the ground terminal, controls the phase modulation (90 d 
impressed on the 2,203 MHz ca r r i e r  prior t o  transmission from the space termi- 
nal. 
space terminal antenna used fo r  both the 2-way and l-way links. 
The t r ip lex  f i l t e r  couples the l-way link transmission t o  the common 
The received 2,203 MHz signal,  a t  the ground terminal, is coupled from the 
parabolic antenna th rough  the f e r r i t e  c i rculator  t o  the d ip l ex  f i l t e r  i n  the 
same fashion as the 2,299 MHz 2-way link signal. 
s p l i t  off  separately by the diplex f i l t e r  and fed through a low-noise amplifier 
t o  a mixer where i t  i s  heterodyned w i t h  the 2,117 MHz local osc i l la tor  t o  form 
an 85 MHz IF signal.  The ca r r i e r  component of this IF signal is extracted by 
a ca r r i e r  phase lock loop and a f t e r  frequency t ranslat ion,  i s  compared w i t h  
the processed 2-way IF car r ie r  t o  establish the frequency difference between 
the space clock and the ground clock. 
The 85 MHz IF signal ( fu l l  band) and extracted IF car r ie r  component are  coupled 
t o  the l-way Time Discriminator. A PRN code sequence (identical  to  t h e  other 
PRN code sequences used i n  the ground and space terminals) i s  d ig i t a l ly  delayed 
and automatically locks-on and tracks the l-way path delay plus the time d i f -  
ference between the ground clock and the space clock. Path delay is  cancelled 
by subtracting half of the 2-way path delay leaving a d i r ec t ,  real time output 
of the apparent time difference between the two clocks. True clock difference 
is obtained from post-real time data reduction i n  which r e l a t i v i s t i c  and gravi- 
tational effects  are  removed. 
The 2,203 MHz signal is 
TIME DIFFERENCE MEASUREMENT 
The STIFT microwave ground terminal is designed t o  provide time difference 
measurements between a space clock and a ground clodk t o  an accuracy of 1 
nanosecond. This time difference measurement i s  implemented through the use 
of a periodic pseudo-random noise ( P R N )  code tha t  i s  phase modulated on the 
2-way and l-way microwave links. Simultaneous measurement of time delay i n  
both the up/down (2-way)and down (l-way) receivers i n  the ground terminal a l -  
lows cancel l ation of propagation del ay between the space terminal and ground 
terminal. 
Figure 2 is a detailed block diagram of the time delay tracking loops f o r  bo th  
the 2-way and l-way receivers. 
PRN Time Discriminator Tracking Loop 
The operation of the delay tracking loops is based on a time discriminator 
c i r cu i t  that  senses time coincidence between the PRN code modulation on the 
received signal and a PRN code tha t  i s  precisely shifted re la t ive  to  the 
recei ved code. 
When two similar periodic time functions, such as the two PRN code sequences, 
are shif ted i n  time relat ive to  each other and then m u l t i p l i e d  together and 
averaged over one period, the result has the form of the autocorrelation 
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function of the original time function. 
characterized by a maximmi value tha t  occurs when the relatieve time sh i f t  i s  
zero o r  some integer multiple of the time function period. 
time sh i f t  increases (or  decreases), the autocorrelation function drops t o  a 
lower value. The ra te  a t  which the autocorrelation function decreases either 
side of maximum is proportional t o  the spectral w i d t h  (bandwidth) of the time 
function. The magnitude of the "hash" level between maximum points is de- 
termined by several factors including the product of the spectral  w i d t h  and 
time function period (time-bandwidth product) and the detai 1 
time function. The PRN code sequence represents a time function that  can be 
optimized t o  have an "ideal" autocorrelation function i n  which the "hash" level 
i s  uniform w j t h  a magnitude, re la t tve  t o  the maximum, tha t  i s  equal to  the 
reciprocal of one half the time-bandwidth product. 
The PRN code is  a binary sequence composed of 'IN" code elements i n  each period. 
Individual code elements have a duration of ' 'toi1 and may be e i the r  ''1"(+) or  
' I O ' ' ( - )  as determined by the code sequence. 
sentation of the autocorrelation fo r  a 31 element P R N  code. Two different 
cases are i l lus t ra ted ;  the f i r s t  w i t h  an offset or  delay ( i . e . ,  non-aligned 
codes) and the second without any of fse t  ( i .e.  , aligned codes). 
the output o b t a i n e d  by integrating the product of the codes over a complete 
period ( N t o )  is shown below the codes. 
tween codes, the integrated output builds up l inear ly  over the period whereas 
i n  the case of an offset, the integrated o u t p u t  f luctuates back and for th  about 
zero d u r i n g  the period. 
Periodic autocorrel ation functions are 
As the re la t ive  
Figure 2 gives a pictor ia l  repre- 
In each case, 
Note tha t  when there i s  no delay be- 
The time discriminator u t i l i zes  two correlation c i rcu i t s  t ha t  are dr iven  by 
separate PRN code generators operating with a fixed of fse t  i n  time, re la t ive  
to  each other, equal t o  one code element, t . 
of the correlation process as a received cole moves i n  delay relat ive t o  the 
two PRN codes, A and B. The code sequence i n  this figure is the same as tha t  
used i n  Figure 3. 
to and are symetrically displaced about the nominal zero delay point by t0/2. 
T h u s ,  the maxima i n  the A and B correlation outputs are displaced symetrically 
e i ther  side of zero delay. When the A and B outputs are added together, the 
resul t  i s  a f l a t  topped signal with a half amplitude duration of 2 tQ. When 
the B output is  subtracted from the A o u t p u t ,  the result is  a time discrimi- 
nator signal w i t h  a l inear  slope Of 2 / t  times the amelitude of the maxima 
and passing through zero a t  the zero de?ay poin . THIS time discriminator 
signal i s  ut i l ized as the time e r ro r  signal i n  the closed loop time tracking 
sections of both the 2-way and l-way receivers of the STIFT microwave ground 
terminal . 
Figure 4 i s  an expanded picture 
The A and B codes are displaced re la t ive to  each other by 
Figure 5 shows a block diagram of the time discriminator and delay tracking 
loop. The c i r cu i t  requires three i n p u t s :  
1. 
2. 
3. 
and provides a d ig i ta l  output representing the delay between the received sig- 
nal modulation code and the nominal zero delay point of the A and B PRN generators. 
Signal ( fu l l  band receiver IF) ,  
Carrier (receiver IF c a r r i e r ) ,  and, 
Clock drive fo r  PRN generators, 
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Figure 4 e Time Discriminator Autocorrelation and Sum and 
Difference Outputs for 31 Element Code 
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Precise control of the delay of the A and B PRN generators i s  obtained by 
passing the clock i n p u t  through a phase s h i f t e r  followed by a divider. 
phase s h i f t e r  is  essent ia l ly  a s ingle  sideband modulator t ha t  i s  driven by 
the digi ta l  e r ror  output from the time discriminator. The lower ten bits of 
the e r ro r  output are  converted t o  sine and cosine terms and these are then 
converted t o  quadrature analog signals by digi tal-to-analog ( D / A )  converters 
that  drive the s ingle  sideband modulator. The fu l l  range of ten bits (1024) 
represents one complete cycle of phase s h i f t  a t the clock i n p u t  frequency. The 
phase shif ted clock frequency drives a digi ta l  divider c i r cu i t  t o  reduce the 
clock frequency t o  the l / t o  ra te  required to  drive the A and B PRN generators. 
In the STIFT system, the value o f  t o  is 2 microseconds (500 KHz clock r a t e )  
and the digi ta l  d i v i d e r  factor is 32. Hence, the clock i n p u t  frequency to  the 
phase s h i f t e r  i s  16 MHz. 
terms of the time delay represented by 1 b i t  i n  the error  signal i s  1/(1024 
x 16 x 106) or 0.06 nanoseconds. 
criminator response yields a to ta l  of 32,768 bits (32 complete cycles of the 
phase s h i f t e r )  over the l inear  slope region between the maximum and minimum 
points. The period of the PRN code i s  500 microseconds (250 code elements) 
thus, the total  number of b i t s  f o r  one period i s  8,192,000 (8,000 complete 
cycles of the phase sh i f t e r ) .  In order to  accommodate this fu l l  range of 
delays, the digi ta l  o u t p u t  from the tracking loop will be a 23 b i t  binary 
number. Since the period in terms of bits i s  less  than the maximum numerical 
value of  the 23 b i t  binary number (8,388,607) the loop output will be reset  
to zero when i t  t r i e s  t o  exceed 8,191,999. 
The 
The time resolution of the time discriminator i n  
Relating this to  the slope of the time dis- 
The operation of the time discriminator and delay tracking loop i l l u s t r a t ed  i n  
Figure 5 s t a r t s  with the injection of the fu l l  band receiver IF signal into 
balanced demodulators (mixers) i n  both the A and B channels of the time d i s -  
criminator. The A and B PRN generators provide the other i n p u t  to  these de- 
modulators. The output from each demodulator ( s t i l l  a t  the IF level)  is ampli- 
f ied and coupled to  a second mixer where i t  i s  heterodyned w i t h  the IF carr ier .  
The output from each of the second mixers i s  a fluctuating dc level represent- 
i n g  the correlation voltage. 
over the duration of one period of the PRN code. A t  the end o f  the integration 
cycle, the integrator output is  sampled and held and converted t o  a 12 b i t  
binary number. The separate d ig i ta l  outputs from the A and B channels are  
combined to  form both sum and difference output numbers. The cycle t i m i n g  for  
the integrators,  sample/hold c i r cu i t s  and Analog-to-Digital converters i s  gen- 
erated by a t iming  control c i rcu i t .  This c i r cu i t  also reverses the relat ive 
delay "sense" of A and B PRN generators and combiner differencing polarity a t  
the end of each period i n  order t o  cancel drifts  and voltage or current off-  
s e t s  i n  the A and B channels of the time discriminator. T h u s ,  two complete 
periods of the PRN generator (1 millisecond) is  the time required to  obtain 
a valid e r ror  signal (difference output a t  the combiner). The digi ta l  e r ro r  
signal i s  coupled t o  a loop f i l t e r  (accumulator) and then th rough  a buffer t o  
the sine/cosine u n i t  t o  complete the tracking feedback loop. 
The time delay output i n  the form of a 23 b i t  binary number i s  taken from the 
buffer. The update ra te  on this output is 1KHz. 
T h i s  dc level is then amplified and integrated 
233 
PRN Code Sequence 
There i s  no unique PRN code sequence that is optimum f o r  t h e  time diffe 
measurement i n  STIFT. Several guidelines tha t  were followed i n  establishing 
the parameters fo r  the code are  l i s t ed  below: 
1. 
2. 
3. 
The code length, o r  period, should be suf f ic ien t  t o  allow easy resolution 
o f  any ambiguity. 
The code length should be such that i t  can be conveniently used t o  time- 
tag the clocks. 
The code element duration should be selected t o  give reasonable time d i s -  
crimination character is t ics  and also to  be compatible with the USB trans- 
ponder bandwidth of approximately 800 KHz. 
The code element duration 
the 
code element duration. 
The code element duration should allow a clock rate  t ha t  i s  easi ly  derived 
from standard frequencies. 
4. should be compatible w i t h  the code length in 
sense tha t  the code length must be an exact integer multiple o f  the 
5. 
After consideration of the various tradeoffs involved in satisfying these guide- 
l ines ,  the choice o f  500 microsecond code length with 250 code elements of 2 
microseconds duration was made. 
The STIFT system requires a to ta l  of s ix  PRN generators, a l l  of which may* 
provide identical code sequences. 
is to  u t i l i ze  a d ig i ta l  s h i f t  reg is te r  w i t h  feedback from two or  more stages 
through Exclusive Or ( X O R )  logic gates to  the input stage. 
back connections, these s h i f t  reg is te r  code generators provide a code tha t  re- 
peats every 2n-1 s h i f t s  (elements) where t tnt t  is  the number of stages i n  the 
shif t  register.  T h i s  special c lass  of codes, known as "Maximal Linear Codes", 
have the character is t ic  of  containing a l l  possible sequences of length "n" 
except for  the sequence of a l l  zeros. These Maximal Linear Codes also exhibit  
a very special autocorrelation function i n  which the hash level between maxima 
remains " f l a t "  with a magnitude of 1/(Zn-l)  re la t ive to  the maximum value. 
A convenient means of generating these codes 
W i t h  proper feed- 
A PRN code generator u t i l i z ing  an eight stage s h i f t  reg is te r  will yield a code 
sequence that  contains 255 elements. 
by truncating this 255 element code. 
counting clock pulses and paral le l  loading the i n i t i a l  s t a t e  i n  the s h i f t  
reg is te r  each time 250 pulses are counted o r  by sensing the par t icular  s t a t e  
corresponding to  the 250th sh i f t  and parallel  loading a t  t ha t  point. 
The truncation of a maximal l inear  code sequence destroys the f l a t  hash level 
and replaces i t  w i t h  a noise-like fluctuation. 
The required length of 250 may be obtained 
The truncation i s  implemented e i the r  by 
The behavior of the hash level in truncated maximal l inear  codes fo r  e i g h t  
stage sh i f t  regis ters  has been investigated t o  determine i f  there is  any par- 
t i c u l a r  feedback configuration tha t  gives the lowest hash level. T h e  resul ts  
of t h i s  investigation are summarized i n  Table 1. 
*The 2-way and l-way link codes may use different  sequences. 
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Table 1 (. Truncated aximal Linear Code Hash Level 
Stages Tapped for Feedback 
Hash Level 
Peak Ave. Rms 
22 
22 
7.4 
8.0 
5.1 
€ 6 0  
22 7.2 5.5 
26 7. a 6.0 
30 7.2 5.4 
There is  no great difference among the five feedback GOnfigUrat iOnS that 
were studied, except f o r  the higher peak hash values found witn the las t  two 
configurations. In general, the hash level for a l l  configurations remained 
low (peak less than 6 )  for  a t  least 16 code element delays either side of the 
zero delay maximum. 
reason plus i t s  good performance i n  terms of overall average and rms hash level, 
i t  has been selected for the STIFT system. 
autocorrelation function for the PRN code sequence generated by the 8-stage 
shif t  register w i t h  feedback taps  from stages 1,3,5 and 8. 
The 1,3,5,8 feedback configuration showed the lowest 
. hash level for the greatest delay either side of zero delay so, for this 
Figure 6 showsow-hdf cycle of the 
FREQUENCY DIFFERENCE MEASUREMENT 
The STIFT microwave ground terminal is designed t o  provide frequency difference 
measurement between a Space clock and a ground clock t o  an accurac of 1 part 
i n  1014. 
a f irst  order Doppler cancellation scheme t h a t  was utilized i n  the GP-A ex- 
periment i n  1976. The key t o  the first order Doppler cancellation is the use 
of phase-locked frequency translators in the 2-way and l-way receivers t o  ref- 
erence the 2-way IF  carrier t o  the ground maser frequency and the l-way IF 
carrier t o  the space maser frequency. 
The realization of this level of accuracy i s  made possib r e through 
Frequency Trans1 ation 
The ground maser frequency undergoes two coherent frequency trans1 ations prior 
t o  being received by the ground terminal 2-way receiver. A translation of 
82/55 is applied pr ior  to  transmission toward the space terminal and a 240/221 
translation occurs i n  the space terminal transponder. Both o f  these transla- 
tions are then counteracted by 221/240 and 55/82 translations n the 2-way re- 
o 76/49 pr ior  
ation i s  counter- 
ceiver. The space maser is translated i n  frequency by the ra t  
t o  being transmitted toward the ground terminal and this trans 
acted by a 49/76 translation i n  the l-way receiver. 
The effects of frequency translations and Doppler on the 2-way 
as follows: 
Carrier transmitted t o  space terminal, f l  
f l  = f, (82/55) 
where fo = ground maser frequency. 
2 35 
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Carrier received a t  space termina 
(2)  
where v = radial velocity of space terminal re la t ive  t o  the ground 
terminal 
c = velocity of propagation 
Carrier transponded from space terminal , 
Carrier received a t  ground terminal 
First IF ca r r i e r  i n  2-way receiver 
2-way I F  ca r r i e r  a f t e r  221/240 and 55/82 t ranslat ion 
f l  (1 + v/c) (240/221) 
f l ( l  + 2 v/c) (240/221) 
f l  (1 + 2 ~ / c )  (240/221) - f l  
(3 )  
(4) 
(5) 
f l  (1 + 2 V / C )  ( 55/82)-f1 (221 /240) (55/82) 
o r  by s u b s t i t u t i n g  fo (82/55) for f l  
fo  (1 + 2 v/c)-fo(221/240) (6) 
T h i s  l a s t  expression, (6), is the 2-way I F  ca r r i e r  output reference t o  the 
the ground maser frequency. Note tha t  only f i r s t  order Doppler i s  shown 
I n  the expression above. Relativistic and-gravitational e f fec ts  are discussed 
i n  the section below on Doppler cancellation. 
The e f fec ts  of frequency translations and Doppler on the 1-way l i n k  are  
analyzed as fol lows : 
Carrier transmitted from space terminal , f 2  
f2  = f; (76/49) 
where f; = space maser frequency. 
(7) 
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Carrier received a t  ground terminal 
f 2  (1 + v/c) 
f 2  (1 + v/c) - f l  
First I F  ca r r i e r  i n  1-way receiver, 
1-way IF ca r r i e r  a f t e r  49/76 translation 
f2  (1 + V / C )  (49/76)-f1(49/76) 
or  by s u b s t i t u t i n g  for f 2  and f l  
fh (1 + v/c)-f0(49/76)(82/55) 
Expression (10) i s  the 1-way IF car r ie r  o u t p u t  referenced to  the ground 
maser frequency fo ,  and the space maser frequency, f;. 
Doppler Cancel la t ion 
First order Doppler cancellation is achieved by dividing the 2-way IF car- 
rier o u t p u t ,  (6 ) ,  by 2 and taking the difference between tha t  and the 1-way 
IF ca r r i e r  output (10). 
The desired end resu l t  i n  this process i s  t o  obtain a d i r ec t  measure of A f ,  
the frequency difference between the ground maser and the space maser. 
Carrying through the Doppler cancellation and the substi tution of A f  for - fb ,  the following resul t  i s  obtained: 
f O  
In addition to  the desired frequency difference. /If, the output of the Doppler 
cancellation process contains; 1 )  a cpnstant term, f0(83/100320), 2 )  an un- 
2 A A  a cancelled Doppler term, (fo/c )(rsp.ae) where rsp is the line-of-sight vector 
and ae i s  the ground terminal acceleration due to  Earth rotat ion,  3) a second 
2 
2 38 
order Doppler term ( f  / 2 C 2 ) (  
ground terminal velocity vec 
the Newtonian potential difference between Earth and space. 
i s  removed by heterodyning the Doppler cancellation output with a synthesized 
frequency equal t o  to (83/100320), approximate1 y 1.1751 621 MHz. 
are  the space and 
(fo/c2)Apl, where A 0  i s  
The  constant term 
The uncan- 
celled Doppler term, second order Dopp 
post-real time processing based on the 
puted from the s a t e l l i t e  f l igh t  prof i le  
ACCURACY ANALYSIS 
The accuracy expected from the STIFT m 
using the following system parameters: 
e r  and redshift  terms are  removed by 
position and velocity information com- 
relat ive t o  the ground terminal. 
Microwave Ground Terminal 
Transmit Power 2-way up1 i n k )  
Peak-to-Peak Phase Excursion 
Receiver Noise Figure 
( i  ncl udes i n p u t  1 osses) 
Antenna Gain 
( I  meter, 55% efficiency) 
Polarization 
PRN Code Element Duration 
PRN Code Sequence Length 
Space Terminal 
Transmit Power (2-way down 1 ink) 
Transmit Power (1 -way 1 i n k )  
Peak- to-Peak Phase Excursion 
Recei ver Noise F i  gure (2-way up1 ink) 
Antenna Gain 
Polarization 
PRN Code Element Duration 
PRN Code Sequence Length 
crowave ground terminal is calculated 
Propagation P a t h  ( 2  cases) 
Zenith Angle (ground terminal ) 
Range 
Path Loss 
Atmospheric Loss 
10 watts 
90 degrees 
5 db  
25 db  
Linear 
2 microseconds 
250 elements 
250 mi 11 iwatt 
250 milliwatt 
90 degrees 
13 db 
3 db  
Ci rcul a r  
2 microseconds 
250 elements 
0 degrees 80 degrees 
437 km 1536 km 
125 db 163 db 
0 db  0.4 db  
Link Noise Margins 
Utilizing the system parameters l i s t ed  above, the signal-to-noise ra t ios  i n  
a 1 MHz bandwidth a t  the receiver inputs are as follows 
Ground Terminal Zenith Angle 
S/N 2-way up link 
S/N 2-way down link 
S/N 1-way down 1 ink 
0 degrees 80 degrees 
13.8 db 2.8 db  
6.1 db -4.9 db  
6.1 db -4.9 db 
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I f  the space terminal transmit channels are  increased to  a 10 watt power out- 
p u t ,  the s i tuat ion is  improved as follows:: 
Ground Termi nal Zeni t h  Angle 
S/N 2-way up 1 ink 
S/N 2-way down link 
S/N l-way down link 
0 degrees 80 degrees 
13.8 db 2.8 db 
22.1 db  11.1 db 
22.1 db  11.1 db 
When the car r ie r  i s  phase modulated by a square wave type signal such as the 
PRN code, the fraction of car r ie r  component i n  the output is g iven  by: 
where, f3 is  the modulation index. 
f 45 degrees) B is  unity and the carr ier  component, following phase modulation, 
has an am li tude of 2 / X  re la t ive to  the unmodulated carr ier .  
and 59.5 percent is i n  the modulation sidebands. 
For the case of 90 degree modulation (i.e., 
T h u s ,  in the 90 
degree PR F; phase modulated s ignal ,  40.5 percent of the energy i s  i n  the car r ie r  
Time Difference Uncertainty 
The uncertainty i n  time difference measurement is computed by proceeding step- 
wise through the time discriminator and delay tracking loop. For the case of 
a 250 milliwatt space terminal transmit power and the 80 degree zenith angle, 
the f u l l  band signal-to-noise r a t io  i n  1 MHz is -4.9 db. Since 59.5 percent 
of the signal power is  i n  the modulation sidebands, the effect ive signal-to- 
noise ra t io  a t  the signal input of the time discriminator i s  -7.2 db. The de- 
modulation and integration process i n  the time discriminator provides coherent 
enhancement t o  the signal-to-noise ra t io ,  under locked conditions, t ha t  i s  
equal t o  the number of code elements i n  one period of the code sequence. T h u s ,  
the signal-to-noise ra t io  a t  the output of the integrator for  the STIFT code 
sequence of 250 elements i s  40.8 db. When the A and B channels of the $ime 
discriminator are combined to  form the difference (loop e r ro r )  output, this 
signal-to-noise r a t io  i s  reduced to  37.8 db. 
i n  the loop f i l t e r  where 64 of the difference outputs are  accumulated t o  pro- 
vide a resultant signal-to-noise ra t io  of about 46.8 db. In terms of time un- 
certainty,  this represents an rms value of about 4.6 nanoseconds as determined 
from the slope of the time discriminator response. 
Further reduction i n  noise occurs 
When the 2-way and l-way time tracking loop outputs are  subtracted to  get 
the time difference, the overall uncertainty is about 6.4 nanoseconds. Further 
improvement of this uncetainty t o  a subnanosecond level will occur through 
averaging of the difference output and improved IF signal-to-noise obtained a t  
lesser zenith angles and/or increased transmit power. 
Frequency Difference Uncertainty 
The frequency difference uncertainty i s  computed for  the case of a phase-lock 
tracking bandwidth of 50 Hz. 
ca r r i e r  and the case o f  250 milliwatt space terminal t r a n s i t  power and 80 de- 
gree zenith angle, the effect ive signal-to-noise ra t io  f o r  the car r ie r  i n  the 
Taking the 40.5 percent of signal power i n  the 
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fu l l  IF band is -8.8 db. Applying the reduction i n  bandwidth t o  this rat io  
yields a signal-to-noise of 34.2 i n  the 50 Hz tracking bandwidth. Combining 
the 2-way and 1-way receiver signals i n  the Doppler cancellation process re- 
duces the signal-to-noise ra t io  t o  31.2 db. 
When the Dop ler  cancellation o u t p u t  is converted t o  a zero frequency base 
band, throug R heterodyritng w i t h  a 1.17517621 MHz signal followed by low-pass 
f i l t e r ing ,  the maximum anticipated frequency is the order of 1 Hz. Assuming 
a 100 second averaging time t measure this frequency difference, the uncer- 
ta inty is about 5 parts in 1064 for the 250 milliwatt transmit power a t  80 
degree zenith angle. 
the s ce terminal, the calculated uncertainty improves t o  well below 1 par t  
When the transmit power is  increased t o  10 watts i n  
i n  10 94 . 
SUMMARY 
The design study of the STIFT system shows t h a t ,  w i t h  the current state of the 
art i n  atomic hydrogen maser osc i l la tors  and w i t h  existing time and frequency 
measurement techniques, i t  i s  reasonable t o  expect accuracy levels of 1 nano- 
second or less i n  time difference and 1 par t  i n  1014 or be t te r  i n  frequency 
difference. The application of the STIFT system to  time metrology on a 
global scale and t o  potential users such as the Deep Space Network, the Orbi t -  
i ng  Space Stat ion and the Very Long Baseline Interferometer s ta t ions would 
provide 1 t o  2 orders of magnitude improvement over the present accuracy level. 
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